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a  b  s  t  r  a  c  t
In spite  of  the  agricultural  importance  of potato  (Solanum  tuberosum  L.), most  plant  physiology  stud-
ies  have  not  accounted  for the  effect  of  the interaction  between  elevated  carbon  dioxide  concentration
([CO2]) and  other  consequences  of climate  change  on  WUE.  In 2010,  a ﬁrst  controlled  environment  cham-
ber  experiment  (E1)  was  performed  with  two  treatments:  one  control  at a [CO2] exposure  level  of  380 ppm
and  the  other  at  elevated  [CO2] ﬁrst to 700  ppm  and subsequently  to 1000  ppm.  Plants  grown  at  elevated
[CO2] levels  of  700  and  1000  ppm  showed  a consistent  signiﬁcant  increase  in  leaf  level  photosynthetic
water  use  efﬁciency  (pWUE)  by stimulation  in  net photosynthesis  rate  (62%  and  43%  increase  of  An)  with
coincident  decline  in both  stomatal  conductance  (21%  and  43% decrease  of gs)  and  leaf transpiration  rate
(19%  and  40%  decrease  of  E)  resulting  in  pWUE  increments  of  89%  and  147%.  Furthermore,  the  ratio  of  leaf
intercellular  [CO2] to ambient  air [CO2]  (ci/ca) remained  unchanged  among  treatments.  In 2011,  a second
experiment  was  performed  (E2),  where  two treatments  comprised  [CO2]  levels  of  380 ppm  (control)  and
elevated  of 1000  ppm.  The  plants  were  subjected  to three  temperature  levels  (14, 21  and  28 ◦C).  This
procedure  provided  for  investigation  of WUE  dependence  of  temperature  at different  [CO2]. At leaf-level,
a  consistent  increase  in pWUE  of 28% across  the  three  temperature  levels  was  observed,  caused  by a
signiﬁcant  stimulation  in net  photosynthesis  rate  (16%),  and  a  signiﬁcant  decreased  stomatal  conduc-
tance  (25%)  with  a simultaneous  drop  in transpiration  rate  although  not  signiﬁcant.  The  ratio  ci/ca was
in  contrast  to the  ﬁrst experiment  signiﬁcantly  higher  in  plants  grown  at elevated  [CO2]. Despite  this
photosynthetic  acclimation,  concurrent  stimulation  of aboveground  and  belowground  biomass  accumu-
lation  was  observed  at elevated  [CO2], resulting  in  higher  harvest  indices  and  irrigation  WUE  (45%),  not
signiﬁcantly  different  from  the  increase  of pWUE.  Out  of four cultivars  investigated,  the  largest  increase  in
irrigation  WUE  was  found  in the  cultivar  Ballerina,  which  also  showed  a six time  increase  in tuber  yield,
perhaps  indicating  less  overall  inhibition  of photosynthesis  by  sugar  accumulation.  At  all temperature
levels,  WUE  was  signiﬁcantly  larger  at high  [CO2]. This  was  the  result  of  increased  net  photosynthesis
rate  (at low  temperature),  decreased  transpiration  rate  and  stomatal  conductance  (high  temperature)  or
a  combination  of  those  two  responses  (moderate  temperature).  The  results  signify  that  beneﬁcial  effects
of  potato  plant  cultivation  at elevated  [CO2] comprise  increased  WUE  at various  temperature  levels,  but
due  to acclimation  of  photosynthesis  the increase  was  smaller  during  prolonged  than  stepwise  exposure.
The  experiment  also  showed  that, in the  conditions  of  climate  change,  associated  higher  T could  decrease
the  response  of photosynthesi
in  WUE.
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. Introduction
The current level of atmospheric carbon dioxide concentration
[CO2]) is estimated to be 391 ppm, which is higher than any time
n the last 20 million years as estimated by boron-isotope ratios
f ancient planktonic shells (Pearson and Palmer, 2000) and still it
s predicted to steadily raise and by the end of this century reach
he range between 600 and 1250 ppm according to the SRES A1B
nd A2 scenarios, respectively (IPCC, 2007). The impact of elevated
CO2] levels on plant physiology has been a subject of ongoing
esearch with special interest in yield and quality of agricultural
rops (Leakey et al., 2009). The two most direct alterations at leaf-
evel of C3 plants physiology at elevated [CO2] is the increase in net
hotosynthesis rate (An) and a decrease in stomatal conductance
gs) followed by decreased transpiration rate (E) (Ainsworth and
cGrath, 2010). It is not just an issue of the future, since terrestrial
lants already had to face an increase in [CO2] of 116–126 ppm
ver the last 250 years (Forster et al., 2007). In order to assess
he sensing and response of plants to elevated [CO2] a number of
lasshouse, controlled environment (CE) studies as well as free-air
arbon enrichment (FACE) ﬁeld experiments have been performed
Long et al., 2004).
According to the model of photosynthetic CO2 assimilation
n terrestrial C3 plants presented by Farquhar et al. (1980), the
ost apparent response to elevated [CO2] in the short term
s the direct increase in An. Such increase occurs due to a
ain in carboxylation at the expense of oxygenation reaction
ntil ribulose-1,5-bisphosphate carboxylase oxygenase (RuBisCO)
eaches saturation. Concomitantly, CO2 release is reduced in pho-
orespiration, also when RuBP regeneration is a limiting factor
Sharkey et al., 2007). According to the model, up to a certain point
ven greater increase in An occurs at higher temperature (T). As
ith increasing T, the solubility of CO2 in water declines more
apidly than that of oxygen (O2), it would seem that the oxygen-
tion reaction should be favored. However, this would not occur
hen [CO2] is elevated to levels completely inhibiting the oxy-
enation reaction. As a consequence the net CO2 uptake increases
s a result of the suppression of photorespiration (Long, 1991).
his is particularly interesting since predictions of future climate
hange embrace coinciding increase in both [CO2] and T (Meehl
t al., 2007). In contrast to rapid changes, the exposure to elevated
CO2] in the longer term leads to photosynthetic acclimation (Sage,
994). A process, in which the initial increase in photosynthesis
nd growth, after transfer to elevated [CO2], diminishes over time
Long et al., 2004). The most outstanding consequence of this pro-
ess is a decrease in RuBisCO amount and activity (Schapendonk
t al., 2000; Sicher and Bunce, 1999) caused by preceding increase in
onstructural carbohydrates that result in down-regulation of pho-
osynthetic capacity, as reported for soybean and wheat (Ainsworth
t al., 2004; Aranjuelo et al., 2011; Ludewig et al., 1998; Sicher et al.,
995). Although such increase in free sugars and its consequences
n signaling vary among divergent organisms, it is very likely that it
s the synthesis of the small RuBisCO subunit that is a limiting fac-
or leading to the overall smaller amount of this holoenzyme (Long
t al., 2004; Moore et al., 1999). Particular, under high T, decreased
ctivity of RuBisCO and RuBisCO activase may  lead to further
imitation of photosynthesis especially at elevated [CO2] (Crafts-
randner and Salvucci, 2000) as this reduces the activity of RuBisCo
ctivase due to lowered ATP/ADP ratio under non-photorespiratory
onditions (Gardeström, 1988). Decreases in An under prolonged
xposure to elevated [CO2] may  alternatively be caused by reduced
eaf N content due to largely increased biomass production or feed-
ack within ecosystem as a result of nutrient depletion, as reviewed
y Long et al. (2004). In potato for example, in spite of photosyn-
hetic acclimation, the overall carbon uptake has been enhanced
y elevated [CO2], as found in a number of CE studies and FACEest Meteorology 187 (2014) 36– 45 37
experiments (Lawson et al., 2001; Ludewig et al., 1998; Sicher and
Bunce, 1999; Vandermeiren et al., 2002).
Another clear instantaneous change upon [CO2] elevation is
a decrease in gs, as reported in both CE and FACE experiments
(Ainsworth and Rogers, 2007; Bunce, 2004). Such reduction in gs is
observed in both C3 and C4 plants, while the increase in An occurs
mostly in C3 species (Ainsworth and McGrath, 2010). Although not
in every case, the reduction in gs can subsequently be translated
into reduction in overall transpiration. However, decreased gs does
not have to be proportional to reduction in transpiration due to
increased leaf temperature and changes in leaf/canopy structure
(Leakey et al., 2009). Stomatal control is therefore essential in reg-
ulating the optimal proportion of CO2 inﬂux and water loss by
transpiration. Ball et al. (1987) proposed a very robust model that
links gs in a linear relationship with An, relative humidity (rH) and
the inverse of [CO2] at the leaf surface. The latter is often close to the
ambient level (ca), i.e. when the leaf boundary layer conductance is
high compared to gs, which is particularly the case when measuring
with ventilated gas-exchange cuvettes. In this case the model will
predict a constant ratio between the leaf intercellular CO2 level (ci)
and ca, i.e. a constant ci/ca. As long as gs varies so that ci/ca is kept
close to its value at ambient ca (around 0.7 for many C3 plants) we
here deﬁne it as direct stomatal responses as opposed to acclima-
tion of gs and/or An, e.g. discussed by Santrucek and Sage (1996).
Nevertheless, the mechanisms by which stomata sense changes in
[CO2] are unclear and our knowledge of the signaling pathways that
regulate stomatal closing/opening is still fragmented (Araújo et al.,
2011). Recent studies show that stomatal closing at elevated [CO2]
is impaired when Ca2+ accumulation in guard cells is prevented,
which gives the basis for future stomatal stimulus–response anal-
yses (Hubbard et al., 2012). According to the model by Ball et al.
(1987), gs would be reduced in leaves of down-regulated An at
elevated [CO2]. Indeed such response was  observed under ﬁeld con-
ditions for potato, wheat and barley, but the same study in sorghum
indicated little evidence of this effect (Bunce, 2001). Furthermore,
there is strong evidence that one of the main plant responses is
the overall decrease of stomata density over long time exposure
to high levels of [CO2] (Hetherington, 2003). In contrast, and as
reported in a number of FACE studies, there is little evidence that
changes in stomatal density is involved in acclimation of gs to ele-
vated [CO2]. The overall gs sensitivity to [CO2] is retained over the
growth season and the ratio of leaf intercellular [CO2] to ambient
[CO2] (ci/ca) remained constant in 45 independent FACE experi-
ments (Long et al., 2004). A constant ratio of ci/ca has also been
reported in a number of CE studies, although it was  not consis-
tent particularly in conditions of nutrient depletion or water stress
(Sage, 1994).
Thus in many cases as [CO2] level increases, overall photosyn-
thetic carbon gain is stimulated and concomitant reduction of gs
and E occurs in C3 plants. Among the most apparent positive effects
is the improvement of the plants water use efﬁciency (WUE) (Long
et al., 2004). Most studies to this point however were conducted
in temperate climate regions (Conn and Cochran, 2006; Donnelly
et al., 2001; Fangmeier et al., 2002; Fleisher et al., 2012, 2013a,b;
Miglietta et al., 1998; Schapendonk et al., 2000; Sicher and Bunce,
1999), where the combined action of elevated [CO2] in most cases
were not assayed together with other features of changing cli-
mate like increased temperature or drought stress (Ainsworth and
McGrath, 2010; Finnan et al., 2005). However, recent advances
have been made in potato, where concurrent effect of elevated CO2
and factors like water stress or phosphorus supply were assayed
(Fleisher et al., 2008, 2012, 2013a,b). In the current study such effect
was investigated together with the response of potato cultivars to
prolonged exposure to elevated [CO2]. Globally potato (Solanum
tuberosum subsp. tuberosum)  is the fourth most important culti-
vated crop with overall production estimated to 324 million tons
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nd producing as much as 17.4 tons per hectare, twice as much calo-
ies per unit area as cereals (FAOSTAT, 2011). The space efﬁciency
f potatoes is among the most important advantages over other
rops due to limited possibility of utilizing new land for agricultural
roduction with concurrent growth of global population. Potatoes
se water quite efﬁciently (Vreugdenhil and Bradshaw, 2007), yet
hey are sensitive to drought and close stomata at relatively mild
ater deﬁcits (Porter et al., 1999). It has been shown nonetheless,
hat partial closure of potato stomata reducing gs due to soil mois-
ure stress conditions may  not affect the overall An and therefore
ncreases WUE  (Liu et al., 2005; Shahnazari et al., 2007). An inter-
sting question arises if a similar WUE  increase can be achieved
hen the partial stomatal closure is induced by growth at elevated
CO2]. Potato, similarly to other C3 plants, responds to such treat-
ent by stimulating photosynthesis, as determined in a number of
tudies in glasshouse facilities, ﬁeld-based open chambers as well
s FACE experiments (Finnan et al., 2005). It has been shown that An
timulation is directly channeled to increased biomass production
s long as other limiting factors like nutrient deﬁciency (Poorter,
998) or water stress are not introduced (Fleisher et al., 2008).
In the present study the effect of elevated [CO2] on potato
ultivars WUE  was investigated in two (E1 and E2) CE chamber
xperiments in 2010 and 2011, respectively. In the ﬁrst experiment
E1) two treatments were investigated at ﬁxed temperature with
tepwise elevation of the [CO2] level to 700 and subsequently to
000 ppm. The second experiment (E2) comprised two  treatments
ith different [CO2] levels, one at 380 ppm and the other elevated
o 1000 ppm. In contrast to the ﬁrst experiment, the plants were
ubjected to three levels of T (14, 21 and 28 ◦C). This procedure
rovided for investigation of WUE  dependence of T, with special
nterest in high T as expected during future climate changes. To
ur best knowledge, most of the studies investigating response of
otato to elevated CO2 were based on single cultivar (Conn and
ochran, 2006; Fleisher et al., 2013a,b; Lawson et al., 2001; Ludewig
t al., 1998; Miglietta et al., 1998; Sicher and Bunce, 1999) with sev-
ral exceptions, where, e.g. three cultivars were used but results
ere presented as common values from all of them (Cao et al.,
994; Cao and Tibbitts, 1997). Although in some cases distinctions
ere made among cultivars (Heagle et al., 2003; Mackowiak and
heeler, 1996), no differences in general tendencies of increased
iomass accumulation were detected. An exception being work
erformed by Schapendonk et al. (1995), where dry matter accu-
ulation under elevated CO2 increases by 22% for late cultivars
nd 29% for early cultivars. Other studies, although distinguishing
mong different potato cultivars, were focused on other aspects of
otato response like irradiation effect (Cao and Tibbitts, 1991) or
O2 and ethylene sprout inhibitor (Daniels-Lake, 2013). During cur-
ent work we investigated response of 11 elite commercial potato
ultivars (supplied by DANESPO A/S, Denmark) to elevated CO2
nder various combinations of humidity, light and temperature.
his research provides a baseline for potato cultivars’ responses
o a changing climate and may  serve as a platform for screening
nd breeding for improved WUE  or increased harvest indices, as
ssential for the growing demand for space efﬁciency in agricul-
ure. Cultivars which increase biomass production to highest extent
nder elevated [CO2] may  be the source of elite germplasm for clas-
ical and/or molecular breeding programs to meet the criteria of
uture climate change.
. Materials and methods.1. Plant material and cultivation
All experiments were conducted at Aarhus University, Depart-
ent of Agroecology in Foulum, Denmark (56◦30′ N, 9◦35′ E).est Meteorology 187 (2014) 36– 45
Dimensions of climate chambers used in experiments were
2.40 m × 1.97 m × 2.05 m,  manufactured by MB-Teknik, Brøndby,
Denmark. Each chamber had precise control over temperature (PT
100 ,  Class B, L = 60 mm,  MB-Teknik, Brøndby, Denmark), relative
humidity (Aspirations-psykrometer Assman Type MB  2401M, MB-
Teknik), lightning system (Powerstar HQI-BT 400 W/D  PRO Daylight
lamps with reﬂectors, OSRAM GmbH, Munich, Germany) and CO2
control (Infra-red gas analyser, WMA-2 analyser/controller and
EMG Gasmonitor, PP Systems, UK). Relative humidity, temperature,
CO2 and light sensors were placed at canopy height and maintained
within shielded environment.
Potato tubers (35–55 mm)  were pre-sprouted in a climate cham-
ber at 12 ◦C for 2 weeks under weak ﬂuorescent light (36 W,
Spectralux Plus) and then planted at 5 cm depth in 50 cm-high
cylindrical pots with diameter of 16 cm.  These were ﬁlled with
equal amounts (3.3 kg) of blonde sphagnum peat with granulated
clay (Pindstrup Substrate No. 2, 0–20 mm)  of medium fertil-
ized level (pH 5.5–6.4). Five days after planting 1 cm of light
expanded clay aggregate (LECA pebbles, diameter: 0.5–1.0 cm,  den-
sity: 300–385 kg/m3, provided by Saint-Gobain Weber A/S) was
placed on top of the sphagnum and wrapped around the shoot to
prevent evaporation of water from the peat surface. Only the pri-
mary shoot was  left to develop while other secondary shoots were
removed right after germination.
In the climate chamber experiment in year 2010 (E1) a total
of 11 elite potato cultivars were included, namely: Royal, Senna,
Folva, Ballerina, Mette, Sava, Fakse, Odin, Oleva, Tivoli and Polaris
(supplied by DANESPO A/S, Denmark), which are described in detail
in Supplementary Table 1. One plant of each cultivar was used for
the control treatment ([CO2] of 380 ppm) and a second – different
– plant of each cultivar for the subsequent elevated [CO2] treat-
ment. All experiments with environmental treatments are detail
described in Supplementary Table 1. Each plant was thus treated
as a separate experimental unit and the two  subsequent treat-
ments of the E1 experiment were performed in the same growth
chamber. The potato tubers were planted on June 7th (control
treatment) and June 24th (elevated [CO2] treatment) 2010. The
control treatment was performed from 2nd until 16th of August
2010, whereas the elevated [CO2] treatment lasted from 18th until
31st of August. During the two  treatments, plants were at the
same developmental stage. Cultivars were placed right next to
each other, densely cultivated so that plant pots were in contact.
Temperature in both treatments during night was  kept for 12 h
at 12 ◦C with relative humidity of 85% and light of 0 PAR. Dur-
ing day-time, when the gas-exchange measurements were taken,
temperature was  ﬁxed at 20 ◦C. Three levels of light intensities
(200, 700 and 1200 mol/m2 s PAR) and two  levels of relative
humidity (45% and 65%) accounted for 6 combinations of envi-
ronmental conditions, which were imposed for 4 h during day
time – either morning or afternoon with 1–2 h of ramping in-
between. One extra combination comprised 1200 mol/m2 s PAR
and 85% rH,  giving a total of 7 time slots, at which photosyn-
thetic measurements were taken. The settings for the environment
inside the gas-exchange cuvette were always adjusted to match
exactly the current environmental conditions in the climate
chamber.
Supplementary material related to this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.agrformet.2013.
12.001.
The next year of 2011, a second (E2) experiment was  performed,
where only four cultivars: Folva, Ballerina, Mette and Oleva were
compared. Ballerina and Mette were chosen due to their high An and
pWUE, while Folva because of low E and gs at [CO2] of 380 ppm and
Oleva as a member of average response to carbon dioxide enrich-
ment. Plants were assayed with three replicates of each cultivar
for control ([CO2] of 380 ppm) and three exposed to elevated [CO2]
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reatment (1000 ppm). The potato tubers were planted on March
2nd (control treatment) and April 5th (elevated [CO2] treatment)
011 (E2). Each plant was treated as separate experimental unit. In
his experiment three separate climate chambers were used with
ne replicate per cultivar in each of them. Cultivars in the same
hamber were placed right next to each other, densely cultivated
o that plant pots were in contact. Control treatment was  performed
rom 3rd until 16th of May  2011, whereas elevated [CO2] treatment
asted from 17th until 30th of May  2011. During the two treatments,
lants were at the same developmental stage. At night, during
limate chamber cultivation temperature in both treatments was
ept for 12 h at 14 ◦C with relative humidity of 88% and light of
 PAR. Three levels of temperature (14, 21 and 28 ◦C), three lev-
ls of light intensities (200, 700 and 1200 mol/m2 s PAR) and two
evels of relative humidity (50% and 80%) accounted for 18 com-
inations of environmental conditions, each lasting 4 h during day
ime. Due to technical difﬁculties photosynthetic measurements
ere not taken at two combinations: 21 ◦C, 700 mol/m2 s PAR,
0% rH and 28 ◦C, 700 mol/m2 s PAR, 80% rH giving a total of 16
ime points at which photosynthetic measurements were taken.
gain gas-exchange cuvette settings at all times were adjusted to
atch exactly the current conditions in climate chamber.
.2. Irrigation and fertilization
Field capacity was determined just before planting the pota-
oes by adding an excess of water to the peat-ﬁlled pots, which
ere then left to drain on an outdoor, moist soil bed for 3 days
efore weighing the pots. Plants were kept well-watered and well-
upplied with nutrients throughout the experiments. Stratiﬁed
elections of the pots with growing potato plants were weighed
n a scale (accuracy: 1–2 g) once every 3 days and all pots irri-
ated to ﬁeld capacity with water containing inorganic fertilizer:
% of a base solution produced from 4 kg Pioner NPK Makro 14-3-
3 + Mg  (N-Total 14.5%, NO3-N 10.7%, NH4-N 3.8%, P 2.9%, K 23.0%,
g 3.0% and S 3.9% from Brøste A/S, Lyngby, Denmark), 400 ml  Pio-
er Mikro med  Jern (Fe 1.32, Mn  0.50, B 0.23, Zn 0.18, Cu 0.14 and
o  0.05%, w/w, Brøste A/S) and 20 l of water. The total amount
f water that was consumed by each plant was  calculated from
rrigation amounts plus the difference in weight between end and
tart of the experiment of pots including sphagnum and potato
oots and tubers. Free drainage from the pots during the experiment
as avoided as far as possible.
.3. Photosynthetic measurements
At inﬂorescence emergence stage (ﬁrst individual buds
1–2 mm)  of ﬁrst inﬂorescence visible), gas exchange measure-
ents were initiated using a portable photosynthesis system
CIRAS-2, PP Systems, Amesbury, MA,  USA) on the terminal leaﬂet
n the ﬁrst fully expanded leaf, counting from the top. Settings
f the leaf cuvette environment with respect to [CO2], PAR-level,
emperature and humidity were adjusted to mimic  each level of
he current climate chamber environment as closely as possible. In
010 (E1) the measurements were divided into two  separate treat-
ents: control with ﬁxed [CO2] at 380 ppm and elevated [CO2]
reatment (700 ppm level lasted for ﬁrst 5 days and 1000 ppm
evel lasted for the last 4 days). All CIRAS measurements were
erformed with ﬁxed temperature of approximately 20 ◦C with
ombinations of three different light intensities (200, 700 and
200 mol/m2 s PAR) and two levels of relative humidity (40% and
5%). CIRAS measurements settings were identical to climate cham-
ers environmental conditions with each combination lasting for
pproximately 4 h. One extra measurement round was taken at the
ighest PAR intensity (1200 mol/m2 s) and high relative humid-
ty (85%), giving a total of 7 measurements per [CO2]. Similarly,est Meteorology 187 (2014) 36– 45 39
in 2011 (E2), the experiment was divided into two treatments
that both lasted 12 days: control with ﬁxed [CO2] at 380 ppm and
elevated [CO2] treatment with ﬁxed 1000 ppm. This time measure-
ments were taken in combination with three approximate levels
of temperature (14, 21 and 28 ◦C), three PAR-levels (200, 700 and
1200 mol/m2 s) and two levels of relative humidity (50% and 80%),
giving a total of 16 measurements per [CO2]. Due to technical prob-
lems two  combinations were excluded from the analysis, namely:
21 ◦C, 700 mol/m2 s PAR, 50% rH and 28 ◦C, 700 mol/m2 s PAR
and 80% rH.  Speciﬁc time frames of experiments together with dates
and times of speciﬁc measurements are presented in Supplemen-
tary Table 2.
Supplementary material related to this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.agrformet.2013.
12.001.
2.4. Biomass, water use and chlorophyll measurements
After climate chamber measurements in 2011 (E2), above-
ground plant material (leaves, stems and ﬂowers) as well as tubers
were harvested, dried at 80 ◦C overnight and weighed. Since only
one replicate per cultivar per treatment was used in 2010 (E1
experiment), biomass measurements are not included in study
results. The amount of water utilized by each plant was  deter-
mined by weighting each single plant pot before and after the
climate chamber experiments. On the basis of these measurements
both aboveground and belowground biomass dry matter (DM) as
well as total water use (WU) were retrieved and used for irrigation
WUE  (irWUE) calculation (total biomass DM per total WU). Chloro-
phyll measurements were performed on the primary measurement
leaﬂets according to the method described in Inskeep and Bloom
(1985). Leaﬂets were collected and stored at −20 ◦C until chloro-
phyll content analysis, where three samples were taken from each
plant. From each leaﬂet, two discs of 1 cm2 were cut out. One disk
was dried out at 80 ◦C and the other was stored in 3 ml  of N,N-
dimethylformamide (DMF) where the chlorophyll was extracted
in dark for 4 days at −4 ◦C. DMF  solution was then transferred to a
1.5 ml  (1 cm)  cuvette and the absorbance was recorded at 647.0 and
664.5 nm with a Thermo Spectronic Helios Alpha spectrophotome-
ter. The total content of chlorophyll a and b was calculated (Inskeep
and Bloom, 1985) and converted to mg  per g of dried leaﬂet. Plant
heights (not main stems) were measured with retractable ﬂexible
rule for only one replicate from control and one from elevated [CO2]
treatment in the second experiment.
2.5. Gas exchange calculation and statistics
The physiological variables: net photosynthesis rate (An,
mol/m2 s) and transpiration rate (E, mol/m2 s) are directly
retrieved from CIRAS-II measurements. An and E are calculated
from, respectively, the CO2 and water vapour concentration, enter-
ing and leaving the cuvette. Photosynthetic WUE  (pWUE) in the
manuscript is deﬁned as the ratio of An to E, whereas intrinsic WUE
(iWUE) is the ratio of An to gs. Stomatal conductance (gs, mol/m2 s)
was obtained indirectly by CIRAS measurements, where it is calcu-
lated by the equation comprising transpiration rate (E):
gs = 1[(ei − eout)/E × P − rb]
(1)Here, rb is the boundary layer resistance for water vapour estimated
to be 0.34 (m2 s/mol), P is the atmospheric pressure (bar), eout is the
vapour pressure of water in cuvette air at CIRAS chamber outlet and
ei is the saturated water vapour pressure (bar) at the intercellular
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Ballerina Mette Sava Fakse Odin Oleva Tivoli Polaris All data
4) 9.74(1.86) 9.44(1.20) 7.62(1.24) 6.60(1.41) 5.10(1.04)c 6.76(1.42) 6.84(1.33) 5.97(1.43) 7.05(0.43)bc
6) 15.30(3.45) 12.22(2.44) 13.17(2.54) 7.15(3.22) 14.02(3.59) 9.28(3.24) 11.88(3.40) 9.50(2.08) 11.43(0.85)a
7) 14.28(2.62) 9.58(2.25) 7.38(0.96) 7.70(1.03) 13.54(2.43) 10.63(2.22) 11.70(3.08) 12.84(2.88) 10.11(0.64)a
7) 2.02(0.39) 1.99(0.15) 1.95(0.22) 1.94(0.27) 2.02(0.18) 2.17(0.23) 2.22(0.26) 1.88(0.21) 1.92(0.08)bc
7) 1.79(0.37) 1.53(0.18) 1.78(0.21) 1.14(0.23) 1.67(0.24) 1.45(0.21) 2.02(0.38) 1.56(0.22) 1.54(0.08)ac
9) 1.62(0.20) 0.97(0.11) 0.90(0.14) 0.77(0.09) 1.16(0.12) 1.03(0.11) 1.65(0.37) 1.37(0.17) 1.15(0.07)ab
2) 0.25(0.04) 0.24(0.03) 0.21(0.03) 0.25(0.08) 0.20(0.03) 0.20(0.03) 0.20(0.02) 0.19(0.03) 0.21(0.01)bc
2) 0.23(0.06) 0.16(0.02) 0.20(0.02) 0.12(0.03) 0.18(0.03) 0.13(0.02) 0.23(0.05) 0.16(0.02) 0.17(0.01)ac
4) 0.21(0.05) 0.10(0.01) 0.09(0.01) 0.07(0.01) 0.12(0.02) 0.09(0.01) 0.20(0.07) 0.13(0.02) 0.12(0.01)ab
0) 5.31(0.86) 4.90(0.67) 4.10(0.62) 3.33(0.49) 2.66(0.51) 3.07(0.44) 3.00(0.38) 3.20(0.59) 3.80(0.21)bc
2) 8.46(0.78) 7.72(0.68) 7.35(1.01) 5.69(1.48) 7.77(1.12) 5.70(1.35) 5.72(0.90) 5.81(0.56) 7.18(0.34)acFig.
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Table 1
Cultivar speciﬁc mean values of key variables (An , E and gs) with photosynthet
The  values represent three different [CO2] levels: 380 ppm, 700 ppm and 10
letters  that follow the mean values: a – signiﬁcantly different from correspon
Cultivar CO2 Royal Senna Folva 
An [mol/m2 s]
380 6.30(1.37) 6.65(1.93) 5.91(1.3
700  12.50(3.08) 9.37(1.05) 11.32(2.6
1000  8.98(1.08) 6.72(0.99) 9.32(1.8
E  [mmol/m2 s]
380 1.48(0.23) 1.99(0.48)c 1.52(0.1
700  1.67(0.32) 1.20(0.16) 1.20(0.1
1000  1.50(0.42) 0.83(0.13) 1.09(0.1
gs[mmol/m2 s]
380 0.16(0.03) 0.24(0.06) 0.18(0.0
700  0.19(0.04) 0.12(0.01) 0.13(0.0
1000  0.14(0.04) 0.08(0.01) 0.12(0.0
An/E [mmol/mol]
380 4.30(0.77) 3.54(0.74) 3.88(0.8
700  7.32(1.26) 8.29(1.24) 9.22(1.31000  7.63(1.60) 9.21(1.69) 8.96(1.40) 8.66(1.03) 10.14(2.55) 9.24(1.92) 10.66(1.69) 11.55(1.61) 10.20(1.88) 7.43(1.11) 9.46(1.67) 9.40(0.49)ab
An/gs[mmol/mol]
380 0.04(0.01) 0.03(0.00) 0.03(0.01) 0.04(0.01) 0.04(0.01) 0.04(0.01) 0.03(0.01) 0.03(0.01) 0.03(0.00) 0.03(0.01) 0.04(0.01) 0.04(0.00)bc
700  0.07(0.01) 0.08(0.01) 0.09(0.01) 0.07(0.01) 0.07(0.01) 0.07(0.01) 0.05(0.01) 0.08(0.01) 0.06(0.01) 0.05(0.01) 0.06(0.01) 0.07(0.00)ac
1000  0.08(0.02) 0.10(0.02) 0.10(0.02) 0.07(0.01) 0.09(0.02) 0.09(0.02) 0.11(0.02) 0.12(0.02) 0.11(0.02) 0.08(0.02) 0.11(0.02) 0.10(0.01)ab
Mean  ci/ca
380 0.78(0.03) 0.83(0.02) 0.82(0.04) 0.78(0.03) 0.77(0.04) 0.79(0.03) 0.82(0.03) 0.84(0.04) 0.81(0.02) 0.81(0.03) 0.81(0.04) 0.80(0.01)
700  0.79(0.03) 0.75(0.04) 0.74(0.04) 0.78(0.03) 0.76(0.04) 0.78(0.04) 0.82(0.05) 0.75(0.04) 0.78(0.06) 0.81(0.04) 0.80(0.04) 0.78(0.01)
1000  0.83(0.03) 0.80(0.03) 0.81(0.03) 0.84(0.03) 0.80(0.04) 0.81(0.04) 0.77(0.03) 0.74(0.05) 0.76(0.04) 0.83(0.03) 0.77(0.03) 0.80(0.01)
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Fig. 2. Percent change (%) at elevated [CO2] of the key physiological variables (An , E
and gs) with photosynthetic WUE  (An/E) and intrinsic WUE  (An/gs) in 2011 controlled
environment experiment relative to the values at a [CO2] of 380 ppm. Additionally,
%  changes of substomatal cavity [CO2] to ambient [CO2] (ci/ca) ratio, aboveground
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vield  (top yield), belowground yield (tuber yield), chlorophyll content, irWUE as
ell as plant height are presented. Symbols represent the mean ± 95% conﬁdence
ntervals. Data represent measurements taken together from all cultivars (n = 16).
. Results
.1. Stepwise [CO2] elevation
Gas exchange measurements of key physiological variables (An,
 and gs) were performed during the ﬁrst controlled environ-
ent experiment (E1) in response to stepwise increase in [CO2]
rom 380 ppm to 700 ppm and from 700 ppm to 1000 ppm. A total
f 7 measurements per cultivar were performed for each [CO2]
evel (380, 700 and 1000 ppm). Each measurement was performed
fter 4 h of constant exposure to a speciﬁc set of environmen-
al conditions. Measurements were therefore taken approximately
round 12 a.m. and 4 p.m. As a result of [CO2] elevation from
80 ppm to 700 ppm potatoes signiﬁcantly increased the An by 62%
hile decreasing E by 19% and gs by 21%. This resulted in almost
able 2
ultivar speciﬁc values of key variables (An , E and gs) with photosynthetic WUE  (An/E
dditionally, % changes in the ratio of substomatal cavity [CO2] to ambient [CO2] (ci/ca) 
rWUE  (n = 3) as well as plant height with number of secondary stems are presented (n = 1
tandard errors (SE) are denoted as ‘value(SE)’ except of plant height. Signiﬁcant differe
alues: a – signiﬁcantly different from corresponding value at 380 ppm and b – at 1000 p
CO2 [ppm] Parameter Folva Ballerin
380
An[mol/m2 s]
8.2(0.8) 8.4(0.8)
1000  6.4(0.8) 10.7(0.9
380
E  [mmol/m2 s]
1.50(0.12) 1.68(0.1
1000  1.23(0.08) 1.59(0.1
380
gs[mmol/m2 s]
0.175(0.014) 0.192(0
1000  0.141(0.012) 0.172(0
380
An/E [mmol/mol]
5.91(0.49) 5.59(0.4
1000  5.92(0.76) 8.01(0.7
380
An/gs[mmol/mol]
0.050(0.003) 0.046(0
1000  0.049(0.005) 0.076(0
380
ci/ca
0.71(0.02)b 0.72(0.0
1000  0.87(0.01)a 0.81(0.0
380
Aboveground yield [g]
29.6(2.8)b 17.1(2.9
1000  37.4(1.9)a 26.5(0.7
380
Tuber yield [g]
15.0(4.1)b 6.1(2.3)
1000  32.7(2.5)a 40.5(2.9
380 Chlorophyll content
[mg/g]
1.73(0.13) 1.71(0.1
1000  1.86(0.11) 1.58(0.0
380
Irrigation WUE  [g/l]
6.2(0.4)b 4.9(0.9)
1000  8.5(0.2)a 8.6(0.1)
380 Plant height (no. of
leaves)
105 cm(7) 95 cm(6
1000  150 cm(13) 150 cm(est Meteorology 187 (2014) 36– 45 41
doubled photosynthetic WUE  (89% increase) and intrinsic WUE
(91% increase), see Fig. 1. A similar effect was found when CO2 level
was further elevated from 700 ppm to 1000 ppm. Compared to ca
of 380 ppm, this stimulated An by 43% with concurring decrease
in both E by 40% and gs by 43%. pWUE increased consequently by
147% and iWUE by 176% as compared with [CO2] of 380 ppm (Fig. 1).
All mean physiological values at [CO2] of 380 ppm were signiﬁ-
cantly different from corresponding values at [CO2] of 700 ppm
and 1000 ppm, as indicated in Fig. 1 showing changes in percent
and error bars indicating 95% conﬁdence limits. Furthermore, both
the pWUE and iWUE were signiﬁcantly different when the [CO2] of
700 ppm was compared with that of 1000 ppm (Fig. 1). However,
the mean values of substomatal cavity [CO2] to ambient [CO2] ratio
were not signiﬁcantly different at any level of [CO2] (Table 1).
3.2. Prolonged [CO2] elevation
In the second experiment (E2), a signiﬁcant 16% increase in An
was observed coinciding with 25% signiﬁcant decrease in gs dur-
ing the prolonged [CO2] elevation. E decreased, similarly to gs, but
only 9%, and this change was  not signiﬁcant. The alterations in the
key parameters resulted in signiﬁcant increase of both pWUE by
28% and iWUE by 42% (Fig. 2). Furthermore, signiﬁcant increase
was detected in the ratio of substomatal cavity [CO2] to ambient
[CO2] (ci/ca) but not in the chlorophyll content (Fig. 2). Additionally,
signiﬁcant different levels of both above- and belowground yield
(tuber yield) were determined. In fact, the tuber yield doubled in
just 2 weeks of treatment at elevated [CO2] in comparison with the
control treatment. Such increase in overall biomass accumulation
and WUE  was directly translated into taller plants and increased
irWUE, the percentage change in the latter not being signiﬁcant
different from the change in pWUE.
3.3. Cultivar speciﬁc response at elevated [CO2]The mean values of key physiological variables were calculated
for each of the 11 cultivars separately in the ﬁrst controlled envi-
ronment experiment (Table 1). Although based on one replicate, the
most apparent general changes at different [CO2] levels occurred in
) and intrinsic WUE  (An/gs) in 2011 controlled environment experiment (n = 16).
(n = 16), aboveground yield, belowground yield (tuber yield), chlorophyll content,
). The values are represented for two different CO2 levels: 380 ppm and 1000 ppm.
nce between mean values at p < 0.05 is indicated by letters that follow the mean
pm.
a Mette Oleva Mean
 7.9(0.8) 8.1(0.8)b 8.1(0.4)b
) 9.3(1.0) 11.6(0.9)a 9.5(0.5)a
4) 1.43(0.12) 1.64(0.16) 1.56(0.07)
3) 1.30(0.08) 1.60(0.12) 1.43(0.05)
.016) 0.161(0.015) 0.181(0.018) 0.177(0.008)b
.015) 0.145(0.013) 0.152(0.010) 0.153(0.006)a
9)b 6.08(0.50) 5.49(0.42)b 5.77(0.24)b
2)a 7.63(0.86) 7.98(0.69)a 7.38(0.38)a
.003)b 0.052(0.003)b 0.049(0.003)b 0.049(0.002)b
.008)a 0.071(0.009)a 0.082(0.007)a 0.070(0.004)a
2)b 0.69(0.02)b 0.71(0.02)b 0.71(0.01)b
2)a 0.82(0.02)a 0.81(0.02)a 0.83(0.01)a
)b 27.3(2.7)b 34.2(1.7)b 27.0(2.2)b
)a 38.7(1.5)a 43.3(1.9)a 36.5(2.0)a
b 16.4(2.5)b 12.9(1.7)b 12.6(1.7)b
)a 33.0(3.1)a 27.0(3.6)a 33.3(0.2)a
5) 2.15(0.08) 2.19(0.11) 1.95(0.07)
6) 2.17(0.18) 2.14(0.17) 1.94(0.08)
b 6.2(0.7)b 5.9(0.3)b 5.8(0.3)b
a 8.7(0.2)a 8.0(0.3)a 8.4(0.1)a
) 110 cm(6) 105 cm(8) 104 cm(7)b
10) 160 cm(11) 140 cm(11) 150 cm(11)a
42 K.P. Kaminski et al. / Agricultural and For
Fig. 3. Percent changes (%) at elevated [CO2] of the key variables (An , E and gs)
with pWUE (An/E) and iWUE (An/gs) for three different temperature (T) levels in
2011 controlled environment experiment. Box plots indicate mean ± 95% conﬁdence
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wntervals. Colored boxes correspond to T levels: blue (12–18 C), green (18–26 C) and
agenta (26–32 ◦C). Data represent measurements taken together from all cultivars
n  = 6 for 12–18 ◦C; n = 5 for 18–26 ◦C; n = 5 for 26–32 ◦C).
WUE and iWUE values. Cultivars tended to react to stepwise [CO2]
levation by increasing pWUE (clearly except of cv. Royal) and iWUE
n at least one of elevated [CO2] levels. No values of the ratio of sub-
tomatal cavity [CO2] to ambient [CO2] (ci/ca) were signiﬁcantly
ifferent (Table 1). The mean values from the second experiment
E2) presented as percent change in Fig. 2 are summarized in Table 2
ogether with cultivar speciﬁc values. Similar to Table 1 the signif-
cant differences were detected primarily in photosynthetic WUE
nd intrinsic WUE  values. Only cv. Folva did not increase pWUE
o a signiﬁcant extent at elevated [CO2]. Interestingly, the ratio of
ubstomatal cavity [CO2] to ambient [CO2] (ci/ca) was  signiﬁcantly
ncreased for all cultivars grown at prolonged exposure to elevated
CO2] (Table 2). Furthermore, the increase in yield was observed
or all cultivars. Both aboveground and belowground (tuber) yields
ncreased and together with higher WUE  values resulted in overall
ncrease in irWUE and plant height (Table 2). Tuber yield was  stimu-
ated to a greater extent than aboveground biomass accumulation,
nd thereby increasing the harvest indices for cultivars. This effect
as particularly strong in cv. Ballerina, which increased tuber yield
ore than sixfold under elevated [CO2] during the 2-week-long
reatment time. There is however one clear outlier for cv. Ballering,
here in control treatment as little as 1.67 g of tuber biomass was
eported. Without including this replicate Ballerina increased tuber
ield ﬁvefold under elevated [CO2].
.4. Temperature response at elevated [CO2]
The WUE  dependence of temperature is summarized in Fig. 3,
howing percentage change of key parameters at [CO2] elevated
o 1000 ppm. Data are from the second controlled environment
xperiment for the three different intervals of leaf temperatures, i.e.
2–18 ◦C, 18–26 ◦C and 26–32 ◦C. While An was similar for the three
emperature levels at 380 ppm [CO2] (data not shown), interest-
ngly, the signiﬁcant increase of 58% in An was detected only at the
owest temperature (T) interval of 12–18 ◦C coinciding with lesser
ncrease in E (26%) and no signiﬁcant change of gs. At the moder-
te temperature values within the 18–26 ◦C interval no signiﬁcant
hanges were detected in all three basic physiological variables (An,
 and gs). Notably, for the highest temperature range of 26–32 ◦C,
n tended to be negatively affected by elevated [CO2], though not
igniﬁcantly, accompanied by signiﬁcant decreases in E (37%) and
s (49%). As a result, signiﬁcant increase in both pWUE and iWUE
as detected for all temperature conditions (Fig. 3). None of theest Meteorology 187 (2014) 36– 45
WUE  values differed signiﬁcantly in-between different tempera-
ture levels.
3.5. WUE  response to humidity and [CO2]
WUE  measured in the second experiment decreased with
increasing W as expected from Eq. (5) but a linear function ﬁt-
ted the data better than an inverse function (Fig. 4) and the ﬁt was
better at a [CO2] of 380 than at 1000 ppm. The lines for WUE  at
the two [CO2] levels were almost parallel but displaced to a higher
level at 1000 ppm [CO2]. The displacement was less than expected
from Eq. (5) if only considering the enhancement in [CO2], i.e. again
indicating the concurrent rise in ci/ca.
4. Discussion
4.1. General effects of elevated [CO2]
The stepwise change of [CO2] in the ﬁrst (E1) experiment
resulted in stimulation (Fig. 1) of the net photosynthesis rate (An)
of similar magnitude as (Sicher and Bunce, 2001) measured after
1–3 days exposure of potatoes in CE to 720 ppm [CO2], compared
to 380 ppm. Stomatal conductance (gs) decreased, which conse-
quently increased water use efﬁciency (WUE) of the potato plants.
A similar response was observed in the second experiment under
prolonged exposure to elevated [CO2], but the increase in An was
lower than in stepwise change (Fig. 2), suggesting the higher extent
of photosynthetic acclimation. Such response has been widely
described in a number of controlled environment and ﬁeld exper-
iments (Finnan et al., 2005) yet the consequences for WUE  were
rarely considered. In the present experiment the photosynthetic
WUE (An/E) was signiﬁcantly increased under all conditions of ele-
vated [CO2] in agreement with results from other C3 crops (Long
et al., 2004). However, a large acclimation was found as WUE  was  in
a range of 130–165% increase at a [CO2] of 1000 ppm in the ﬁrst (E1)
experiment (Fig. 1) to 12–44% in the second (E2) experiment (Fig. 2).
The ratio of substomatal cavity [CO2] to ambient [CO2] (ci/ca) was
not signiﬁcantly different in the stepwise [CO2] increase, suggest-
ing no stomatal acclimation, a situation that has in the past been
broadly reported (Long et al., 2004; Sage, 1994). However, in E2
during the prolonged exposure to elevated [CO2], ci/ca increased,
pointing toward stomatal acclimation. This was  in contrast to ﬁnd-
ings by Bunce (2001) where the ci/ca ratio remained constant under
long-term elevated [CO2] in open top chamber grown potatoes in
the ﬁeld. Also the response to short term exposure differed, as
(Bunce, 2004) found no direct effect on gs while in the present study
there was a large direct stomatal response keeping the ci/ca ratio
constant. Increased values of ci/ca under prolonged elevated [CO2]
are most probably the result of CO2 accumulation inside the cells
caused by concurrent photosynthetic acclimation (Bunce, 2001).
4.2. Biomass accumulation and carbon partitioning
Elevated [CO2] increases carboxylation and decreases photores-
piration and stomatal opening. As a result, increased leaf area,
enhanced light interception and efﬁciency of light use in CO2 uptake
further stimulates growth of single plants in growth chambers.
Such effects would probably be less under ﬁeld conditions with
closed canopies (Long et al., 2004). In the 2011 controlled envi-
ronment (CE) experiments the signiﬁcant increase was  observed
in both aboveground biomass accumulation (35%) and tuber yield
(164%). Since among one of the most observed effects at ele-
vated [CO2] is the increase in non-structural carbohydrates (mainly
sucrose), the question of how carbon is partitioned between plant
organs is essential for the overall yield. In this case, most of the
sucrose was  directed toward tubers, which might indicate that
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000  ppm CO2 in the atmosphere. Data represent measurements taken together fro
he overall effect of the accumulation of free carbohydrates in
eaves and their capacity to downregulate RuBisCO activity may
ave been limited (overall 16.4% signiﬁcant increase in An was
bserved, Fig. 2 and Table 2). The carbon partitioning in potato is
or this reason essential both for aboveground biomass accumu-
ation and tuber yield (as the phenotype of primary interest). As
or most experiments performed up to date previously on potato
lants the overall tuber yield was almost always increased (Sicher
nd Bunce, 1999), while the aboveground biomass accumulation
hange was not consistent (Finnan et al., 2005). In the second,
edium term elevated [CO2], both aboveground and belowground
iomass increased signiﬁcantly, see Table 2. Worthy of note, tuber
ield increased to a greater extent (164%) than green aboveground
iomass (35%), which is consistent with majority of previous stud-
es (Chen and Setter, 2012; Fleisher et al., 2008, 2012, 2013a,b; Högy
nd Fangmeier, 2009; Miglietta et al., 1998).
.3. Temperature and humidity impact on WUE  at elevated [CO2]
Many studies of potato plants responses at elevated [CO2]
ave been performed under temperate environmental conditions
Finnan et al., 2005) though rarely coinciding with drought stress
Fleisher et al., 2008). Previously, little controlled environment
xperiments were conducted where simultaneous effect of tem-
erature and coinciding prolonged exposure to elevated [CO2] on
otato physiology and gas exchange were carried out under well-
atered and well-fertilized conditions. According to the results
resented here both photosynthetic WUE  (An/E) and intrinsic
UE (An/gs) were signiﬁcantly increased in all temperature ranges
pplied (Fig. 3). This was  due to an increased An (at low tempera-
ure), decreased E and gs (at high temperature) or a combination
f those two processes (moderate temperature). Under prolonged
CO2] exposure, as applied in the present experiment, both top and
uber yield tremendously increased (Fig. 2). Therefore it is likely
hat the acclimation of photosynthesis was predominantly due to
riose-phosphate use-limitations. This process limits An due to the
act, that capacity of starch and sucrose synthesis to consume triose
hosphate is limited, therefore limiting regeneration of inorganic
hosphate (Pi). As a result the possible stimulation in An is limited
y Pi regeneration and drastic increase of [CO2] will not have an
ffect on An (Sage and Kubien, 2007). As inorganic phosphate is
sed as fast as possible, there is little if any stimulation of An under
CO2] enrichment.
However, at the highest temperature and elevated [CO2], as
entioned in Section 1, decreased activity of RuBisCO and RuBisCO
ctivase may  have led to the relative decrease of photosynthe-
is compared to the lowest temperature. Adding to this effect,
he decrease in An at highest temperature, may  have been aggra-
ated by O2 inhibition of RuBisCO. It has been reported in potato
hat the percentage inhibition of photosynthesis in potato by O2
ncreased steadily from 38% at 16 ◦C to 56% at 36 ◦C (Ku et al., 1977)n the leaf internal and atmospheric (W,  mmol/mol). (a) At 385 ppm CO2 and (b)
cultivars (n = 16).
although they applied elevation of [CO2] to ∼570 ppm only, under
which condition O2 inhibition of An is expected to be more severe
than the 1000 ppm we applied. Another reason for An decrease
under high temperature can be sugar accumulation and signaling to
down-regulate photosynthesis, a situation reported by Krauss and
Marschner (1984), where individual tubers exposed to 30 ◦C ceased
to grow already after 6 days. Other studies indicated accumulation
of foliar sucrose and decreased leaves starch accumulation (Lafta
and Lorenzen, 1995), which can further down-regulate the RuBisCO
amount and activity at high T (see Section 1). Such situation does
not necessarily have to apply for all cultivars since the ability
to accumulate starch and having differential yield is signiﬁcantly
different among elite potato lines, as reported in gene expres-
sion study where similar sucrose concentrations were reported
(Kaminski et al., 2012). Furthermore, while there were no signif-
icant differences between temperatures in the ci/ca ratio as well as
the percent change of the ratio when going from 380 to 700 and
1000 ppm [CO2], the gs was reduced to less than half at the highest
temperature level (Fig. 3). This seems to indicate as well a pos-
sible diffusion limitation, which together with reduced RuBisCO
activity may  lead to large decreases in photosynthesis (Sage and
Kubien, 2007). Finally, increase in biomass at elevated [CO2] leads
to increase in leaf area indexes. As a result substantial amount of
energy is driven away from photosynthesis toward maintaining
respiratory costs (Schapendonk et al., 1995) at high temperature.
Under predicted global climate changes a situation in which low
temperatures at elevated [CO2] will be sustained might result in
higher yields in areas of major producers such as Russia or Canada.
In moderate climate areas such as central USA, Europe or China, a
similar increase in WUE  might be achieved by decreased gs at ele-
vated [CO2]. This would result in decreased water use, that under
water limited conditions would enhance the growth rate, conse-
quently increasing total yield. However, an increase in temperature
is foreseen to increase the water vapor concentration difference
(W) between leaf and air under future climate change as the
relative humidity in the atmosphere is expected to remain approx-
imately constant at the global level (Willett et al., 2007). As one can
predict from Fig. 4, a change in W from 15 to 20 mmol/mol, as in
the case of a 5 ◦C change from 25 to 30 ◦C at a relative humidity of
50% (Eq. (2)), would largely offset the increase in WUE  gained from
the increase in [CO2] from 380 ppm to 1000 ppm. Such approxi-
mation should be however conﬁrmed by CE or ﬁeld experiments
where whole-plant responses would be measured, since they are
often weakly correlated with those obtained by gas exchange mea-
surements at leaf level.
4.4. Cultivar speciﬁc responsesSince a single biological replicate for control and single repli-
cate for elevated [CO2] treatments in 2010 CE experiment (E1)
were measured, the differences between cultivars could not be
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tatistically ascertained, but can serve as indication of general ten-
encies. A general increase for most of the cultivars was determined
n pWUE and iWUE, whereas changes in An, E and gs, were more
nconsistent. A similar situation occurred in the second controlled
nvironment experiment, where only cv. Oleva had a signiﬁcantly
ifferent photosynthesis despite use of three biological replicates,
hereas for cv. Folva, pWUE did not appear to change at all. Partic-
larly interesting is the change in cv. Ballerina carbon partitioning
nder elevated [CO2] from 380 to 1000 ppm, where aboveground
iomass increased by 55%, but tuber yield increased by as much
 times (Table 2). This situation is most probably caused by delay
n tuber initiation in control treatment as compared to elevated
CO2]. Consequently, control tubers at harvest were probably still
o small that even minor changes in tuber dry weight resulted in
ubstantial differences in productivity when compared to plants
ubjected to elevated [CO2]. It suggests that most of the carbon
xcess was directed into tubers rather than utilized for leaf rate
rowth. In addition, at elevated [CO2], Ballerinas’ aboveground
iomass was signiﬁcantly lower and tuber yield was signiﬁcantly
igher than in other cultivars (Table 2). Such phenotypic com-
ination can be of special interest concerning agricultural space
fﬁciency, where plants of similar phenotype may  in the future
gricultural production be cultivated in a more dense and effective
anner.
. Conclusions
As little as 16% of regularly irrigated agricultural land is respon-
ible for 40% of global food production (Postel et al., 1996).
onsidering this fact, the increase in WUE  at elevated [CO2] in
espect with predicted climate change will be of interest in the
urrent century for agricultural production, with special focus in
he areas of limited water supply and with no irrigation systems.
uring the CE chamber experiments in two subsequent years per-
ormed under well-watered and fertilized conditions, a stimulation
n photosynthesis (An) and coincident decrease of stomatal conduc-
ance (gs) were determined. However, the effect of photosynthetic
cclimation leading to increased ci/ca was observed only under pro-
onged elevation of [CO2] from the normal atmospheric level of
80 ppm to a high value of 1000 ppm, and not under stepwise short
erm increases. Cultivar speciﬁc differences were detected, though
n order to fully investigate the mechanisms of single potato cul-
ivars response at elevated [CO2] in respect to gas exchange and
arbon partitioning higher number of biological replicates or envi-
onmental conditions should be employed. Of utmost interest for
he future is the breeding of novel potato cultivars in such a way,
hat most of the increased production of non-structural carbohy-
rates, mainly sucrose, will be partitioned into the tuber tissue,
hereby increasing the harvest index and overall yield. Another
actor that will impact the agricultural production is the coin-
ident response to various temperature levels with concurrent
levated [CO2]. Under three different temperature ranges (low,
oderate and high) both photosynthetic WUE  (An/E) and intrinsic
UE  (An/gs) were signiﬁcantly increased at prolonged [CO2] ele-
ation, but high T decreased the photosynthetic response to high
CO2].
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